Programmed cell death (PCD) involves precise integration of cellular responses to extracellular and intracellular signals during both stress and development. In recent years much progress in our understanding of the components involved in PCD in plants has been made. Signalling to PCD results in major reorganisation of cellular components. The plant cytoskeleton is known to play a major role in cellular organisation, and reorganization and alterations in its dynamics is a well known consequence of signalling. There are considerable data that the plant cytoskeleton is reorganised in response to PCD, with remodelling of both microtubules and microfilaments taking place. In the majority of cases, the microtubule network depolymerises, whereas remodelling of microfilaments can follow two scenarios, either being depolymerised and then forming stable foci, or forming distinct bundles and then depolymerising. Evidence is accumulating that demonstrate that these cytoskeletal alterations are not just a consequence of signals mediating PCD, but that they also may have an active role in the initiation and regulation of PCD. Here we review key data from higher plant model systems on the roles of the actin filaments and microtubules during PCD and discuss proteins potentially implicated in regulating these alterations.
The plant cytoskeleton comprises two dynamic interconnected arrays: microtubules and microfilaments. Microtubules polymerise from a-/b-tubulin heterodimers and microfilaments polymerise from actin monomers. It has recently been shown that the density of filamentous actin (F-actin) network undergoes periodic oscillations of polymerisation and depolymerisation, 1 and alterations of this periodicity may act in perceiving signals and generating responses. Alterations to the actin cytoskeleton are regulated by actin-binding proteins (ABPs) that stimulate formation of new filaments, promote filament elongation, bundle filaments together, strengthen interaction between actin/tubulin subunits, induce severing and depolymerisation. 2 Plant microtubules undergo dynamic instability 3 under the control of microtubule-associated proteins (MAPs; reviewed by Hamada 4 and Sedbrook 5 ). The dynamic nature of F-actin and microtubules enables flexibility of cytoskeletal organisation, making it an integral part of signalling networks, translating developmental and environmental cues into cellular responses. 6 Alterations to the cytoskeleton during programmed cell death (PCD) have been described in a variety of different plant systems (Table 1) and application of anti-cytoskeletal drugs implicate these alterations in playing an active a role in signalling to or mediating PCD, rather than being merely a consequence of cellular changes induced by PCD. Here we review key data relating to this topic.
F-actin and Microtubules Reorganise during Developmental PCD
Developmental PCD is an integral part of tissue differentiation during normal growth (see other articles in this issue). In some cases it may take weeks (leaf senescence), days (embryo suspensor cells), or hours (in vitro differentiation of Zinnia tracheary elements). Tracheary elements are the main structural element of xylem and essential for water and nutrient conductance, and mechanical strength. Differentiation of tracheary elements requires localised deposition of oligosaccharide material (secondary cell wall). When deposition is complete, the contents of the cell are dismantled by PCD. 7, 8 In the case of Zinnia model system, before tracheary elements differentiate, cortical microtubules are oriented transversely and spaced randomly. 9 Upon differentiation, microtubules form thick bundles between cytoplasmic domains containing virtually no microtubules (Table 1) . Localised deposition of the secondary cell wall material is associated with microtubules. 10 F-actin is required for the orientation of microtubules, 9 and organisation of F-actin changes during the secondary cell wall deposition from a longitudinal network to transverse bundles located between the bundles of microtubules (Table 1) . On completion of the secondary wall thickening, microfilaments and microtubules fragment, and the tonoplast ruptures. It is not known if the cytoskeleton has a role in processes immediately preceding tonoplast rupture or if its disintegration is required for the successful execution of PCD.
Somatic embryos of Norway spruce (Picea abies) develop in vitro from proliferating clusters of cells called proembryogenic masses. 11 Early in development, spruce embryos establish an apical-basal pattern via specification of three structural components: an embryonal mass composed of proliferating meristematic spherical cells with dense cytoplasm, elongated embryonal tube cells, and giant vacuolated embryo suspensor cells. Embryonal tube cells are terminally differentiated and committed to death; they originate through re-iterated asymmetric divisions of stem-like cells of the embryonal mass cells and give rise to the suspensor cells. Suspensor cells undergo vacuolar PCD and dissociate at the distal part of the suspensor. 11 Embryonal mass size increases until the completion of the embryogenesis and the embryonal tube and suspensor cells diminish until none are left in the mature embryos. Each cell-type exhibits different cytoskeletal organisation. Proliferating embryonal mass cells have dense arrays of randomly oriented F-actin and microtubules. In anisotropically expanding embryonal tube cells, the microtubules form a transverse cortical array and microfilaments are oriented longitudinally. 12, 13 In the suspensor cells microtubules fragment and disassemble, but tubulin levels remain stable 12 whereas longitudinal microfilaments bundle and form long cables, which disappear at the onset of DNA fragmentation (Figures 1a and b ; Table 1 ). The reorganisation of F-actin in the suspensor cells is accompanied by upregulation of three actin genes. 13 Senescence is important for plant organ replacement due to aging (e.g. leaves) or following the completion of the organ function (e.g. post-pollinated flowers). However, to date, studies of the cytoskeleton in senescence-induced PCD are limited. Proteomic and gene transcriptional analyses reveal downregulation of tubulin genes and a decrease of tubulin protein levels, and upregulation of actin gene transcription and an increase in actin protein level in senescing Arabidopsis tissue culture cells and Petunia corollas. 14, 15 During natural and dark-induced senescence in Arabidopsis leaves, the cortical microtubule network in the epidermis and mesophyll cells gradually depolymerises (Table 1) . 16 This disassembly is tightly controlled, as neighbouring stomatal cells have an intact microtubule network.
Self-incompatibility (SI) can Trigger PCD and Alterations to the Cytoskeleton SI is a genetically controlled system mediated by interaction between cognate pollen and pistil S-determinants to prevent self-fertilisation. 17 In Papaver rhoeas L. (the field poppy), S-determinants are novel, highly polymorphic proteins, PrsS and PrpS. 18, 19 PrsS triggers a Ca 2 þ -dependent signalling Self-incompatibility response Self-incompatibility response in incompatible pollen (Papaver rhoeas) Depolymerisation Depolymerisation followed by polymerisation and aggregation into highly stable punctate foci [27] [28] [29] [30] [31] Self-incompatibility response in incompatible pollen (Pyrus pyrifolia) A. thaliana leaves/Verticillium dahliae toxins network leading to PCD in incompatible pollen. [20] [21] [22] There is evidence that ROS, NO 23 and an SI-activated mitogenactivated protein kinase , p56 24 signal to PCD. Evidence for PCD includes the appearance of cytochrome c in the cytosol, dramatic morphological alterations to organelles, 25 activation of DEVDase, VEIDase and LEVDase, 20, 21 and DNA fragmentation; 20 ,26 see Bosch and Franklin-Tong 22 for a review. Growing pollen tubes contain a network of longitudinal F-actin bundles ( Figure 1c ) and microtubules ( Figure 1d ). SI triggers dramatic alterations to the cytoskeleton in incompatible pollen (Table 1) . [27] [28] [29] [30] [31] Within 1-2 min, most of F-actin bundles are depolymerised, but a population of cortical microfilaments remain ( Figure 1e ) and depolymerisation of cortical microtubules is observed, though microtubules around the generative cell are unaffected ( Figure 1f ). Next, F-actin forms stable 'punctate foci' (Figure 1g ), but microtubules remain depolymerised and those microtubules surrounding the generative cell appear to degrade (Figure 1h ).
Pyrus pyrifolia (pear) uses different pistil and pollen S-determinants (S-RNases and F-box proteins). However, there is evidence, including nuclear DNA fragmentation, a drop in mitochondrial membrane potential, and appearance of cytochrome c in the cytosol that this SI system also triggers PCD in incompatible pollen tubes. 32 Moreover, SI induction in vitro triggers reorganisation of the actin cytoskeleton in incompatible Pyrus pollen, resulting in the formation of Table 1 ). A more recent study suggests that ROS may be involved in mediating actin depolymerisation in Pyrus pollen tubes. 34 
Involvement of the Cytoskeleton in the Hypersensitive Response (HR)
When plants are attacked by pathogens, they mobilise defence reactions. This can use gene-for-gene resistance, involving interactions between host resistance (R) genes and pathogen avirulence (Avr) genes, or non host-specific resistance (NHR). Both interactions can trigger the HR, a localised host cell death response around the pathogen infection site. HR can also be induced by elicitors produced by pathogens. Whether HR-PCD has a role in the inhibition of pathogen growth or resistance is unclear. However, there is extensive evidence for PCD being involved in HR [35] [36] [37] [38] (see related articles in this issue). Despite a wealth of information relating to the molecular genetics, cell biology, and biochemistry of host-pathogen interactions, relatively few studies have examined the role of the cytoskeleton in HR-PCD. It is well established that cytoskeletal reorganisation is triggered, and there is increasing evidence that the actin cytoskeleton can have an important role in HR-PCD.
During the early stages of infection, changes to F-actin organisation are usually apparent at the site of contact of the pathogen with the host plant. F-actin is consistently aggregated or bundled near the site of pathogen entry (Figure 1k) . 39, 40 This type of reorganisation of F-actin has been observed as a plant response to attempted pathogen invasion in many interactions; see Table 1 . Treatment of tobacco BY-2 cells with the elicitor, cryptogein, from Phytophtora cryptogea, also causes reorganisation and bundling of F-actin (Figures 1l and m) . 41 Later stages of HR are often accompanied by depolymerisation of F-actin. 42, 43 Microtubule organisation is also affected by defence responses, but the response is variable. Disruption and apparent depolymerisation of the microtubule network at the penetration site has been observed in several systems (Figure 1n) , 39, 40, 44 and it has been suggested that this might be an early sign of the HR. 39, 42 In other studies microtubules, like F-actin, concentrate at the infection site and undergo bundling, 42 but some studies 43 found no changes in the microtubule organisation upon pathogen attack. Treatment with cryptogein induces depolymerisation of microtubules 41, 45 providing further support of the idea that microtubules are involved in HR.
Evidence that Actin Dynamics are Involved in Mediating PCD
Use of a pharmacological approach has demonstrated that changes in actin dynamics can trigger PCD in animal, yeast, and plant cells. 46 Experiments with toxins that interfere with actin and microtubule polymerisation dynamics provide important evidence that alterations to their dynamics can either trigger PCD or perturb PCD progression in plants (Figure 2 ).
Treatment of early Picea embryos with the actin-depolymerising drugs, Latrunculin B and cytochalasin D, increases the rate of cell death, and inhibits differentiation of the Figure 2 Analysis of the effect of microtubule and actin drugs on PCD. (a) SI response. SI in Papaver pollen triggers F-actin depolymerisation, then stabilisation, microtubule depolymerisation, and PCD. There is evidence using cytoskeletal drugs that both actin and microtubule cytoskeleton dynamics have a role in mediating PCD. Both the SI ligand PrsS and artificial depolymerisation of actin using Latrunculin B stimulates PCD in pollen. PCD can be alleviated by pre-treatment with jasplakinolide. Artificial depolymerisation of actin using Latrunculin B shows that this can trigger microtubule depolymerisation. Although artificial depolymerisation of microtubules using oryzalin does not stimulate PCD, this depolymerisation is important for the execution of PCD because treatment of pollen with the microtubule-stabilising drug taxol alleviates PCD. These data suggest that actin depolymerisation triggers microtubule depolymerisation and the two events together have a role in SI-mediated PCD, although actin depolymerisation (if great enough) alone is sufficient to trigger PCD. Treatment of pollen with Jasplakinolide also triggers PCD and this effect can be alleviated by the treatment by Latrunculin B, suggesting that actin stabilisation (observed during SI) also has a role in triggering PCD. However whether SI-mediated actin stabilisation itself triggers PCD has yet to be established. (b) HR. HR signals trigger bundling of F-actin and microtubule depolymerisation around the site of pathogen entry. Treatment with the F-actin depolymerising drug cytochalasin D and the microtubule depolymerising drug oryzalin can prevent PCD in some systems. F-actin depolymerises during later stages of PCD, and treatment with cytochalasin D can promote PCD. There appears to be no evidence that microtubule bundling has a role in mediating PCD in HR as taxol has no effect on levels of HR-PCD. The possible crosstalk between microtubules and F-actin has not yet been characterised. Treatment with the elicitor, cryptogein, induces depolymerisation of microtubules and bundling of F-actin. F-actin bundling may regulate the pace of PCD, as treatment with the actindepolymerising drug, bistheonellide, speeds up PCD suspensor. 12, 13 This suggests that actin polymerisation is important for initiating or mediating relatively slow vacuolar PCD in the embryo suspensor. In contrast, treatment of differentiating tracheary elements with cytochalasin B has no effect on PCD, but perturbs differentiation. 9 In Papaver pollen, relatively transient, but substantial depolymerisation of F-actin by Latrunculin B was sufficient to trigger PCD. Moreover, use of jasplakinolide, which stabilises actin filaments and stimulates polymerisation, to counteract the F-actin depolymerisation induced by SI or Latrunculin B, significantly reduces levels of PCD 47 ( Figure 2a ). This implicates actin depolymerisation in mediating SI-induced PCD. Jasplakinolide itself can trigger PCD, 47 suggesting stabilisation also can trigger PCD. As the SI-induced actin foci are extremely stable, 29 stabilisation may also have a role in mediating SI-PCD. As either actin stabilisation or depolymerisation can stimulate PCD, it has been proposed that the fine balance of actin polymerisation dynamics is important for a 'healthy' situation, and that sustained changes to actin dynamics in either direction have a functional role in initiating PCD. Recent data from a different SI system, Pyrus, using the drugs cytochalasin B, which prevents actin polymerisation, and phalloidin, which stabilises F-actin, provides further evidence that actin polymerisation status may be involved in mediating PCD. 34 Direct evidence for a role for F-actin in HR-PCD is limited. Several studies have shown that cytochalasins affect resistance to pathogens, 48 suggesting a role for actin polymerisation, but as resistance is not always accompanied by HR-PCD, we do not consider these studies here. More direct evidence for a role for the actin cytoskeleton in HR-PCD is provided by data showing that cytochalasins can suppress cell death triggered by Phytophthora infestans in potato; cytochalasin D treatment also delayed induction of key defence markers and decreased the accumulation of PR proteins, with concomitant alleviation of cell death in potato tubers treated with P. infestans cell wall extracts (Figure 2b) . 49, 50 These data suggest that this HR-PCD requires F-actin polymerisation.
In contrast, in tobacco, cytochalasins can induce HR defence responses in a dose-dependent manner. 51 Moreover, cryptogein-induced PCD in tobacco tissue culture cells is accelerated in the presence of the actin-depolymerising drug bistheonellide (Figure 2b) . 41 This suggests that actin depolymerisation has a key role in the induction of HR-PCD. Cytochalasin D did not affect the induction of the HR in wildtype Arabidopsis when coinoculated with Pseudomonas syringae pv tomato, but in an Atadf4 mutant that normally suppresses HR mediated by P. syringae pv tomato, it allowed a high percentage of leaves to generate the HR. 52 This strongly suggests a role for actin cytoskeleton alterations, mediated by AtADF4, being involved in defence responses. Together these studies provide strong evidence implicating a causal relationship between actin polymerisation status and HR-PCD (Figure 2b ). It has been suggested that the dynamic state of F-actin may have a role in the HR response. 53 Thus, defence signalling networks may utilise manipulation of F-actin dynamics to transduce the HR-PCD signal. However, exactly how actin status relates to HR-PCD and how alterations are achieved is, in many cases, as yet, unclear.
Evidence that Microtubule Dynamics can influence PCD
Although there are clear data that microtubules reorganise during PCD in plant cells, the role of microtubule dynamics in initiating PCD in plants is currently poorly understood. Use of the microtubule depolymerising drug, oryzalin, or the microtubule stabilising drug, taxol, revealed that neither microtubule depolymerisation nor stabilisation alone was sufficient to trigger PCD in Papaver pollen. However, preventing microtubule depolymerisation using taxol significantly reduced SIinduced DEVDase activity. 31 Thus, although depolymerisation of tubulin alone is not sufficient to trigger PCD, it is required for proper progression of the SI-PCD pathway. F-actin depolymerisation using Latrunculin B triggers microtubule depolymerisation, and stabilisation of F-actin following SI induction resulted in alleviated or delayed microtubule depolymerisation 31 ( Figure 2a ). This suggests that actin signals to microtubules and that the two networks may act in concert to mediate the progression of PCD in pollen.
Use of microtubule drugs to investigate the role of microtubules in HR-PCD has been limited. Experiments altering microtubule dynamics using taxol or oryzalin before infection had no effect on HR-PCD. 39 Treatment with drugs, that depolymerise microtubules before they bundle, abrogates the differentiation of tracheary elements, whereas treatments after microtubule bundling affects the shape of tracheary elements, 10 but no effects on PCD have been reported. The possibility that microtubules may act in concert with actin (as found in the SI system) has not been examined. More analysis is required before firm conclusions can be drawn on the role of microtubule dynamics in HR-PCD or developmental PCD.
How is Regulation of the Cytoskeleton to Mediate PCD Achieved?
ABPs regulate F-actin polymerisation and organisation in plant cells 2 and are likely to have a role in mediating PCD. To date rather few ABPs have been examined in the context of PCD. Only actin-depolymerising factor (ADF) has been shown to have a role in the regulation of HR-PCD. 48 ,52 ADF severs F-actin, promotes dissociation of monomeric actin from the pointed end and increases F-actin turnover, 54 so is important for the reorganisation of actin filaments. Proteomic analysis of Petunia flowers reveals downregulation of a basic isoform and upregulation of an acidic isoform of ADF, 15 suggesting ADF may be phosphorylated during senescence. As phosphorylation inhibits ADF activity, 55 it may contribute to altered F-actin dynamics during PCD. The role of AtADF4 in mediating defence signalling through modification of the actin cytoskeleton has recently been demonstrated using an Atadf4 mutant. Data suggests that Arabidopsis AtADF4, which has activities expected of a typical ADF, is involved in regulating F-actin depolymerisation during HR-PCD. 52 However, as plants have many ADF isotypes, there is much to learn still.
During SI-mediated PCD in Papaver pollen, the very rapid F-actin depolymerisation that has been shown to be important and necessary for PCD 46 is thought to be mediated by profilin and PrABP80, a gelsolin-like protein with Ca 2 þ -dependent severing activity. 56 Soon afterwards, ADF associates with punctate actin foci. 29 SI-induced cytosolic acidification during PCD initiation 21 is likely to be responsible for this change in localisation and/or activity, as most ADFs have high F-actindepolymerising activity at alkaline pHs, whereas at acidic pHs, most ADFs preferentially bind to F-actin. Thus, acidification and consequent loss of ADF actin-severing activity may regulate the formation and stability of actin foci. Cyclaseassociated protein (CAP) also rapidly associates with SIinduced punctate actin foci. 29 In yeast (S. cerevisiae), CAP/ Srv2p localises to actin patches and is required for the formation of F-actin aggregates 57 and is found in the actin 'bodies' in stressed, quiescent yeast. 58 As CAP/ Srv2p binds to adenylate cyclase and facilitates initiation of cAMP signalling during PCD initiation in yeast, 59 it may mediate foci formation and may, perhaps, link actin reorganisation to PCDsignalling networks in plant cells too. Surprisingly, fimbrin, a major F-actin bundling and cross-linking protein did not associate with the SI-induced F-actin foci. 29 Other proteins associated with the SI-induced actin foci, identified using mass spectrometry, include 14-3-3 proteins, a chaperonin subunit, TCP1, and heat-shock proteins. 30 These proteins are implicated in interacting with the cytoskeleton during stress. For example, chaperonins have high affinity for denatured actin and tubulin. Heat shock proteins have been reported to cross-link and stabilise F-actin. Their identification provides clues to events involving actin alterations during PCD.
The limited available data suggest that the reorganisation of F-actin during PCD may involve several scenarios. Two possibilities are outlined in Figure 3a . The first is characterised by the formation of bundled actin cables, and has been reported in several examples of HR and developmental PCD. 12, 13, 40, 41, [60] [61] [62] This is likely to involve reduced activity of severing and barbed end capping proteins, and activity of bundling proteins (Figure 3a) , though no candidates have been identified in these systems yet. In the second scenario, observed in the SI response, F-actin initially undergoes depolymerisation, followed by the formation of actin foci. A gelsolin-like protein (PrABP80) and profilin are candidate ABPs that may be responsible for mediating F-actin depolymerisation; CAP and ADF are likely to promote foci formation (Figure 3a) .
Microtubules consistently depolymerise in many model systems undergoing PCD, including HR, SI response, and embryo suspensor. Microtubules attenuate F-actin dynamics by slowing polymerisation and depolymerisation rates. 1 As depolymerisation of microtubules may allow more rapid restructuring of the F-actin network, careful analysis of the dynamic parameters of microtubules and microfilaments during PCD is essential to obtain insights into their contribution to PCD. Key changes in the microtubule dynamics during PCD and proteins implicated so far in these changes are summarised in Figure 3b .
Cortical microtubules in differentiated plant cells are predominantly bundled. 63 The 25 nm spacing of microtubules in some bundles is attributed to MAPs, specifically, MAP65. 64 Evidence that microtubule bundling may be important for the initiation of PCD is provided by the embryogenesis defective mutant of Picea that has no MAP65 associated with the cortical microtubules and does not undergo PCD. 12 During early differentiation in embryo suspensor, microtubules are decorated with MAP65. 12 The onset of PCD is accompanied by a reduction in MAP65 gene transcription 16 and the dissociation of MAP65 from microtubules. 12 This is followed by fragmentation and depolymerisation of the microtubule network (Figure 3b ). Transcription of a microtubule severing protein MAP18 increases upon activation of senescence, implicating it in driving disassembly of microtubules in this system. 16 It is unknown whether some MAPs remain associated with fragmented microtubules to facilitate dismantling of the array or whether this is a consequence of, for example altered pH and cytosolic free Ca 2 þ ([Ca 2 þ ] cyt ), which can inhibit tubulin polymerisation. The depolymerisation of microtubules during PCD in these model systems therefore appears to be controlled by a reduction of nucleation, inhibition of bundling, and increase in severing of microtubules. Thus, we are beginning to make the first steps in identifying proteins that may regulate the microtubule alterations during PCD in plants. However, to date there is no PCD induction (lower part) increases cytoplasmic concentration of Ca 2 þ , upregulates protein kinase activity and reduces pH. This can lead to at least two different scenarios. The first involves inhibition of ADF-severing activity, allowing formation of F-actin cables with the aid of bundling proteins. This has been observed in HR-PCD and embryo suspensor PCD. In the SI response, Ca 2 þ increases are likely to stimulate activation of a profilin and a gelsolin-like protein, leading to F-actin depolymerisation. This is followed by de novo formation of highly stable F-actin foci associated with adenylate CAP and ADF. (b) Regulation of microtubule dynamics following PCD induction. In differentiated plant cells (upper part) microtubules are nucleated by g-tubulin ring complexes (g-TuRC) in the cytoplasm or on the walls of existing microtubules (Hamada 4 ). After nucleation microtubules can be bundled by MAP65. Initiation of PCD (lower part) and consequent changes in intracellular pH, mitogen-activated protein kinase (MAPK) activity, Ca 2 þ and NO concentration, can result in a reduction of microtubule nucleation and bundling, and upregulation of microtubule severing proteins like MAP18 and a reduction of the density and depolymerisation of cortical microtubules observed during HR and embryo suspensor differentiation. MAPs responsible for SI-induced microtubule depolymerisation have not been identified as yet
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Conclusions
Information from several model systems provide compelling evidence that alterations in actin and tubulin polymerisation status is a key mechanism to mediate PCD in plant (this review) as well as in animal cells and yeast. 46 There appears to be a consistent theme of F-actin reorganisation achieved by alterations in dynamics mediating a decision-making role in regulating PCD in plant cells. This may involve cross-talk with microtubules. Data sometimes appears contradictory and this may reflect the fact that relatively few studies have examined this phenomenon, as well perhaps reflecting the heterogeneity of the signalling pathways in each system. Much remains to be learnt about the basis of how this is achieved. The cytoskeleton might serve as a dynamic and integrated feedback mechanism for 'health' status, as PCD signals major alterations to the polymeric status of actin and tubulin. At the same time it may also coordinate cytoplasm dismantling as PCD progresses. Tian et al. 52 raised an interesting possibility that alterations to the plant actin cytoskeleton might signal directly to PCD. This was based on findings by Hao and August 65 that showed that actin depolymerisation could activate signalling, enhance transcription factor activation, and prolong Ca 2 þ release in lymphocytes. An exciting possibility is that a similar scenario may operate in plant cells. Thus, an important area for future research, in addition to consolidating information about these alterations during PCD, is investigating how they are achieved: which signalling components are involved and which interacting proteins mediate these crucial life-or-death decisions.
